We study the loop-induced decays h 0 → γ γ and h 0 → g g in the Minimal Supersymmetric Standard Model (MSSM) with quark flavour violation (QFV), identifying h 0 with the Higgs boson with a mass of 125 GeV, where γ and g are photon and gluon, respectively. We perform a MSSM parameter scan and a detailed analysis around a fixed reference point respecting theoretical constraints from vacuum stability conditions and experimental constraints, such as those from B meson data and electroweak precision data, as well as recent limits on supersymmetric (SUSY) particle masses from LHC experiments. We find that (i) the relative deviation of the decay width Γ(h 0 → g g) from the Standard Model value, DEV (g), can be large and negative, < ∼ − 15%, (ii) the analogous deviation of Γ(h 0 → γ γ) is strongly correlated, DEV (γ) −1/4 DEV (g) for DEV (g) < ∼ − 4%, (iii) the relative deviation of the width ratio Γ(h 0 → γ γ)/Γ(h 0 → g g) from the SM value, DEV (γ/g), can be large (up to ∼ 20%), (iv) the deviations can be large due to the up-type squark loop contributions, (v) the SUSY QFV parameters can have a significant effect on these deviations. Such large deviations can be observed at a future e + e − collider like ILC. If the deviation patterns shown in this study are really observed, this would strongly suggest the discovery of SUSY (the MSSM with QFV).
Introduction
The Standard Model (SM) is a very successful theory of elementary particle physics. It is, however, known to have several essential problems. Primarily it fails to provide an explanation of observed phenomena like the neutrino masses, the matter-antimatter asymmetry, and the dark matter origin. Therefore, it is necessary to search for New Physics, that will help to complete the theory, solve its problems and account the missing details.
Recently a Higgs boson with mass of 125 GeV has been discovered at the Large Hadron Collider (LHC) [1, 2] that behaves like the Higgs boson of the SM. Whether it is indeed the SM Higgs boson or a Higgs boson of New Physics beyond the SM, this is presently one of the most important issues in particle physics. A detailed study of the properties of the Higgs boson can provide a crucial clue in the search for the ultimate New Physics theory. The theory of Supersymmetry (SUSY) is the most prominent candidate for a New Physics theory solving the SM problems. In this paper we study the possibility that the discovered Higgs boson is the lightest CP-even neutral Higgs boson h 0 of the Minimal Supersymmetric Standard Model (MSSM) [3, 4] .
In the phenomenological analysis of the MSSM, quark flavour conservation (QFC) is usually assumed, apart from the quark flavour violation (QFV) induced by the Cabibbo-Kobayashi-Maskawa matrix. However, SUSY QFV terms could be present in the mass matrix of the squarks. Especially important can be the mixing terms between the 2nd and the 3rd squark generations, such asc L,R −t L,R mixing terms, wherec andt are the charm-and top-squark, respectively.
In [5] we pointed out the importance of the SUSY QFV effects due to squark loop contributions in the decays of the MSSM Higgs boson h 0 . We showed that the QFV effect due toc L,R −t L,R mixing can have a major impact on the decay h 0 → cc, strongly enhancing the deviation of the MSSM Higgs boson decay rate Γ(h 0 → cc) from the SM Higgs boson decay rate Γ(H SM → cc), where c is the charm-quark. In [6] we also showed that the QFV due toc L,R −t L,R mixing can significantly enhance the difference between Γ(h 0 → bb) and Γ(H SM → bb), where b is the bottom-quark.
The loop-induced decays h 0 → γ γ and h 0 → g g are very sensitive to New Physics since loops of New Physics particles can appear at the lowest order of perturbative expansion of the decay amplitudes. The rates of these loop-induced decays were already calculated including gluonic QCD [7] and electroweak [8] radiative corrections in the SM and also partly in the MSSM. In this paper we study the influence of the SUSY QFV due tõ c L,R −t L,R mixing on h 0 → γ γ and h 0 → g g, including the gluonic two-loop QCD corrections [9] . (We also studieds L,R −b L,R mixing, withs andb the strange-and bottomsquark, respectively, but the effects turned out to be very small.) For this purpose, we perform a MSSM parameter scan respecting theoretical constraints from vacuum stability conditions and experimental constraints, such as those from B meson data and electroweak precision data, as well as recent limits on SUSY particle masses from LHC experiments. In [10] these loop-induced decays were studied in the MSSM with QFV in an effective field theory approach based on dim-6 operators in a so-called κ-framework without taking into account the radiative corrections and the constraints mentioned above, except those from the electroweak precision data. As lepton-flavour violation effect has turned out to be very small in our analysis, we assume lepton flavour conservation.
In the following section we introduce the SUSY QFV parameters originating from the squark mass matrices. Details about our parameters scan are given in Section 3. In Section 4 we define the deviations of the widths h 0 → γ γ and h 0 → g g from the SM and analyse their behaviour in the studied SUSY QFV scenarios. The paper rounds up with conclusions, contained in Section 5, and one short Appendix, where all relevant constraints are listed.
Squark mass matrices in the MSSM with flavour violation
In the super-CKM basis ofq 0γ
, the up-type and down-type squark mass matrices M 2 q ,q =ũ,d, at the SUSY scale have the following most general 3 × 3 block form [11] :
Non-zero off-diagonal terms of the 3 × 3 blocks M 2 q,LL , M 2 q,RR , M 2 q,LR and M 2 q,RL in Eq. (1) explicitly break the quark-flavour in the squark sector of the MSSM. The left-left and right-right blocks in Eq. (1) are given by
where 
where T U,D are the soft SUSY-breaking trilinear coupling matrices of the up-type and down-type squarks entering the Lagrangian
The squark mass matrices are diagonalized by the 6 × 6 unitary matrices Uq,q =ũ,d, such that
with mq 1 < · · · < mq 6 . The physical mass eigenstatesq i , i = 1, ..., 6 are given byq i = Uq iαq 0α .
In this paper we focus on thec L −t L ,c R −t R ,c R −t L , andc L −t R mixing which is described by the QFV parameters M 2 Q23 , M 2 U 23 , T U 23 and T U 32 , respectively. We will also often refer to the QFC parameter T U 33 which induces thet L −t R mixing and plays an important role in this study. The slepton parameters are defined analogously to the squark ones. All the parameters in this study are assumed to be real, except the CKM matrix V CKM .
Parameter scan
We perform a MSSM parameter scan taking into account theoretical constraints from vacuum stability conditions and experimental constraints from B meson data and electroweak precision data, as well as limits on SUSY particle masses from recent LHC experiments (see Appendix A). As for the squark generation mixings, we only consider the mixing between the second and third generation of squarks. The mixing between the first and the second generation squarks is very strongly constrained by the K and D meson data [12, 13] . The experimental constraints on the mixing of first and third generation squarks are not so strong [14] , but we don't consider this mixing since its effect is essentially similar to that of the mixing of second and third generation squarks. The parameter points are generated by using random numbers in the ranges shown in Table 1 , some parameters are fixed (given in the last box). All parameters are defined at scale Q = 1 TeV, except m A (pole) which is the pole mass of the CP odd Higgs boson A 0 . The parameters that are not shown explicitly are taken to be zero. Note that we don't assume the GUT relation for the gaugino masses
The decay widths Γ(h 0 → γγ) M SSM and Γ(h 0 → gg) M SSM are calculated with our own code based on the public code SPheno [15, 16] . For the calculation of the MSSM spectrum we use the version SPheno-v3.3.8. The computation includes lowest order 1-loop contributions and gluonic 2-loop QCD corrections (i.e. NLO QCD corrections) to quark loops [9] 1 . The lowest order 1-loop contributions to Γ(h 0 → γγ) M SSM stem from the loops with SM particles, quarks (t, b, ...), charged leptons (τ − , ...) and W ± boson and SUSY particles, squarks (ũ,d), charged sleptons (τ − , ...), charginosχ ± and charged Higgs bosons H ± . The lowest order 1-loop contributions to Γ(h 0 → gg) M SSM stem from the loops with quarks (t, b, ...) and squarks (ũ,d). In order to stay consistent 1 The gluonic 2-loop QCD corrections to the squark loops are negligibly small since the squark-loop contributions to the widths are rather small due to large squark masses from the LHC limit (see Appendix A). As the corrections to small contributions are very small, we can neglect such corrections. We can also neglect SUSY-QCD corrections to the quark/squark-loops since gluino/squarks are required to be so heavy by the LHC limits (see Appendix A) that gluino/squark-loop corrections (i.e. SUSY-QCD corrections) to the widths are very small. Moreover, the NNLO QCD corrections [7] and the NLO electroweak (EW) corrections [8] to the widths are found to be much smaller than the NLO QCD corrections. Therefore, we take into account only the gluonic 2-loop QCD corrections (i.e. NLO QCD corrections) to quark-loop contributions to Γ(h 0 → γγ/gg) M SSM . Table 1 : Scanned ranges and fixed values of the MSSM parameters (in units of GeV or GeV 2 , except for tan β). M 1,2,3 are the U(1), SU(2), SU(3) gaugino mass parameters.
4500 2 4500 2 4500 2 1500 2 1500 2 1500 2 1500 2 1500 2 1500 2 we also use our own code for the SM decay widths
including the gluonic 2-loop QCD corrections [9] . We have cross-checked them numerically with the decoupling limit of the MSSM results. The Higgs mass in the kinematic factors of the widths is fixed by the measured mass at LHC, m h 0 = 125.09 GeV to avoid an artificially large dependence stemming from the kinematic factor in Γ(h 0 → γγ/gg) M SSM , which is proportional to m 3 h 0 . All MSSM input parameters are taken as DR parameters at the scale Q = 1 TeV and then transformed by RGEs to those at the scale of Q = m h 0 = 125.09 GeV. The masses and rotation matrices of the sfermions are renormalized at one-loop level within SPheno based on the technique given in [17] .
From 2850000 input points generated in the scan about 285500 survived all constraints. These are about 10%.
Deviation of the MSSM widths from the SM
We define the relative deviation of the MSSM width from the SM width as 2
where we identify h 0 with the Higgs boson with a mass of 125.09 GeV. The relative deviation of the width ratio from the SM prediction is defined as
Note that DEV (γ/g) in Eq. (6) can be written also directly in terms of DEV (γ) and DEV (g),
Before we show the results of the full parameter scan, we briefly comment on an expected qualitative behavior of DEV (g). One can approximate DEV (g) in an effective field theory approach based on dim-6 operators parametrized in a so-called κ-framework [10] , assuming that the SM contribution stems only from the top-loop and neglecting the Higgs mass in the amplitude. Based on the result for δκ g given in [10] , we can write the approximation for DEV (g) ∼ 2δκ g = DEV (g) approx in our convention (see Section 2),
where
GeV is the vacuum expectation value, m t is the top-quark mass, m W is the W-boson mass, and g is the SU(2) gauge coupling constant. In Eq. (9) we have neglected terms ∝ µ/ tan β because we use in this numerical study large values of tan β (≥ 10), see Eq. (3). Note that Eq. (9) is not a function of M 2 U 23 and M 2 Q23 . The terms m 2 c L,R and m 2 t L,R are diagonal entries of the mass matrix M 2 q , Eq. (1). For values much larger than v we can approximate them by m 2
. From Eq. (9) we see that DEV (g) approx depends only on the squared absolute values of T U 23 , T U 32 , and T U 33 . When all these three parameters go to zero, DEV (g) approx is small and positive. For large values of |T U 23 |, |T U 32 |, and |T U 33 | DEV (g) approx becomes large and negative. Furthermore, DEV (g) approx also grows when m 2 c L,R and/or m 2 t L,R decrease.
In the following we show the results of a full parameter scan without using this effective field theory approximation. In Fig. 1 we show the scatter plot of the scanned parameter points within the ranges given in Table 1 in the DEV (γ) − DEV (g) plane. We see that DEV (g) is mostly negative and goes down to more than -10%, and that there is a strong correlation between DEV (γ) and DEV (g),
(a) (b) Figure 1 : The scatter plot of the scanned parameter points within the ranges given in Table 1 Thus we also have DEV (γ) approx − 1 4 DEV (g) approx . This feature is due to the fact that the amplitude for h 0 → γγ is dominated by the W-boson loop contribution. The second important contribution to h 0 → γγ stems from the top-quark loop. The decay h 0 → gg is dominated by the top-quark loop contribution. In the scenarios we are interested in, the up-type squark loop contributions to h 0 → γγ/gg can be large. All other SUSY contributions are relatively small, giving together less than 0.5% in our study. Hence both DEV (γ) and DEV (g) are dominated by the same common source (i.e.ũ 1,2 -loops) which together with the W-loop dominance leads to the strong correlation.
Qualitatively our results are consistent with DEV (g) approx and DEV (γ) approx but it is hard to compare directly numerically because of the different usage of the MSSM input parameters, see the description at the end of Section 3. The large deviations shown in Fig. 1 can be experimentally observed at a future e + e − collider such as ILC [20] and/or CLIC [21] . The abbreviations "ILC250/500 + HL-LHC" and "ILC250 + HL-LHC" are explained below. In the right figure it is seen that the errors of the data from the recent experiments are very large and both the SM and the MSSM are consistent with the ATLAS/CMS data.
In Fig. 2 we show the scatter plots of the scanned parameter points within the ranges given in Table 1 in the T U 33 -DEV(γ) (a), T U 33 -DEV(g) (b), and T U 33 -DEV(γ/g) (c) Figure 2 : The scatter plots of the scanned parameter points within the ranges given in Table 1 planes. We see that DEV(g) and DEV(γ/g) can be large in the scanned parameter ranges for large values of |T U 33 |. This means that theũ 1,2 -loop (∼ stop/scharm loops) contributions to these loop-induced decays are quite important. As in Figure 1 the deviations shown can be observed at a future e + e − collider (ILC/CLIC). Our analysis has shown that the correlations between DEV(γ), DEV(g), DEV(γ/g) and all the FV/FC parameters other than those from theũ sector are very weak. This is due to the fact that in this decoupling Higgs scenario (with large m A and large tan β) h 0 Re(H 0 2 ). Hence, the contributions of the down-type squark loops and the charged slepton loops to the decay widths Γ(h 0 → γγ) and Γ(h 0 → gg) are very small. Furthermore, for DEV (γ), the charged Higgs and the chargino contributions always remain in the few-per mille range.
In all three plots of Fig. 2 we see the parabolic increase of the DEV 's for increasing |T U 33 | as this is discussed after Eq. (9) . The less populated region around T U 33 = 3 TeV stems from the fact that the upper limit of the m h 0 constraint is often violated there.
In order to show the importance of the QFV effect, in Fig. 3 we show the scatter plot in the T U 32 − DEV (γ) (a), T U 32 − DEV (g) (b), and T U 32 − DEV (γ/g) (c) planes. In Fig. 3 we have a similar pattern as before in Fig. 2 but with the maximal results at slightly smaller values of the dependent variable, |T U 32 | ∼ 2.5 TeV. Again the parabolic shape is seen. And we see that in order to have large results we need the absolute value of both, the QFC parameter T U 33 and the QFV parameter T U 32 , large. This can be explained as follows:
• Thec R/L −t R/L mixings can be large for large QFV parameters M 2 Q23 , M 2 U 23 , T U 23 , and T U 32 , for which the lighter up-type squarksũ 1,2 can be strong mixtures of c R/L −t R/L .
• As shown above, in our decoupling Higgs scenario, h 0 Re(H 0 2 ) and hence
Thus, the h 0ũ 1,2ũ1,2 couplings and therefore also theũ 1,2 -loop contributions to Γ(h 0 → γγ, gg) can be enhanced by large T U 23 , T U 32 , T U 33 , which results in the significant correlations between T U 23 , T U 32 , T U 33 , and DEV (γ), DEV (g), DEV (γ/g). This explains the appearance of these T U 's in Eq. (9) .
In principle there should be a similar dependence on T U 23 but in the parameter scan the lower value of M 2 U 22 is much larger compared to that of M 2 U 33 . Therefore, the prefactor in Eq. (9) of |T U 23 | is about three times smaller than that for |T U 32 |. So we do not show here the analogous plots on T U 23 .
It is important to discuss the expected experimental errors. We use two supposed data sets, data set A: ILC250/500 + HL-LHC and for collecting data without having a 500 GeV ILC, data set B: ILC250 + HL-LHC. The explanation of what "ILC250 + HL-LHC" and "ILC250/500 + HL-LHC" stand for is given in detail in the caption of Table 1 of [20] , named there "ILC250" and "ILC500". In order to discuss the experimental and theoretical errors we fix a possibly measured point,
This point is shown in Fig. 1(a) and their ratio in the EFT fit framework, dataset A : {δ r g γ , δ r g g , δ r g γ/g } = {1%, 0.95%, 1.3%} , (12) dataset B :
{δ r g γ , δ r g g , δ r g γ/g } = {1.2%, 1.7%, 1.8%} ,
where δ r y is defined as the relative error ∆y/y of the parameter y. The values for δ r g γ and δ r g g are taken from Table 1 in [20] and the value for δ r g γ/g we got from [24] using the same EFT fit program as in [20] . Using ∆DEV (X) = 2(DEV (X) c + 1)δ r g X , X = γ, g, γ/g ,
we get the 1σ errors for our DEV 's, The 1σ error bands are DEV (X) c ± ∆DEV (X), shown by boxes in Fig 1a and by dashed and dotted lines in Fig. 2 and Fig. 3 .
In all three figures Figs. 1-3 we see that there are only a few dozens of points where we have really a large deviation from the SM expectation values. This is just a matter of statistics because we perform a scan in a 22-dimensional parameter space. Thus we choose a reference scenario where we have large DEV 's and then variate the most interesting parameters around this point P1. All MSSM input parameters for P1 are shown in Table 2 giving the DEV 's in Eq. (11).
In Fig. 4 we show the contour plots of DEV(γ/g) in the QFV/QFC parameter plane around P1. The reference point is marked by a green "x". We see that DEV (γ/g) is really large in a large region of the parameter planes and that the effect of the QFV parameters M 2 U 23 , T U 23 , T U 32 (and the QFC parameter T U 33 also) on the DEV (γ/g) is very important. We again see the parabolic behaviour on all the T U parameters. For this parameter point the dependence on T U 32 and T U 23 is of similar size and the dependence on T U 33 varies from -3% up to 16% in the allowed region. Fig. 4(c) shows a strong dependence onc R −t R mixing parameter M 2 U 23 which means that for large M 2 U 23 the "linearized" approximation Eq. (9) is not good anymore. There one should add higher orders to Eq. (9) which includes M 2 U 23 .
Finally, we also discuss the theoretical errors. The total theoretical error can be split into an uncertainty due to unknown (higher order) loop contributions and an uncertainty due to errors of SM input parameters. The first one can be estimated by varying the renormalization scale Q from Q = m h 0 /2 up to Q = 2m h 0 . We name it scale uncertainty. The other one we call parametric uncertainty. We can write the relative parametric uncertainty as
with X = γ, g, γ/g. We have found that we can neglect the parametric uncertainties due to all the other SM parameters such as m b , α EM , m Z etc.. We use as input the on-shell top-mass, m t = 173 GeV with δ r m t = 0.23%, and α s ≡ α s (m Z ) MS = 0.1181 with 
4500 2 4500 2 4500 2 1500 2 1500 2 1500 2 1500 2 1500 2 1500 2 δ r α s = 0.93% [45] . We get for the reference point P1 at 1σ δ r,P DEV (γ) = | − 1.7|δ r m t ⊕ |3.0|δ r α s = 0.4% ⊕ 2.8% , δ r,P DEV (g) = | − 0.2|δ r m t ⊕ |2.8|δ r α s = 0.05% ⊕ 2.6% , δ r,P DEV (γ/g) = | − 0.5|δ r m t ⊕ |3.1|δ r α s = 0.1% ⊕ 2.9% .
One would guess that for DEV (γ) there should be a small coefficient in front of δ r α s . This is not the case because α s has a strong influence on the calculation of the running top Yukawa coupling at Q = m h 0 and on that of theũ parameters entering the h 0ũũ * couplings. From the scale variation we get
The upper value is for Q = m h 0 /2 and the lower one for Q = 2m h 0 . Thus we estimate the total theoretical relative and absolute errors ∆DEV (X) = δ r DEV (X)DEV (X) c , at 1σ for the point P1, δ r DEV (γ) = 5.1% , ∆DEV (γ) = 0.13% , δ r DEV (g) = 5.5% , ∆DEV (g) = 0.55% , δ r DEV (γ/g) = 6.1% , ∆DEV (γ/g) = 0.85% , where the parametric uncertainties are added quadratically and the scale uncertainty is added to them linearly. Comparing this result with Eqs. (15) and (16) we see that the theoretical errors are one order smaller than the experimental ones at P1. From Eqs. (11) , (15) , (16) and the theoretical errors, we see that ILC cannot miss this SUSY signal in case the scenario P1 (or similar ones) is realized in Nature.
Using the LO (lowest order) results instead of the NLO results at P1, the relative shifts of the DEV's are found to be very small (less than 1%). This is due to the fact that in our computation the NLO QCD corrections are included only in the SM parts which dominate the MSSM widths.
Conclusions
We have studied the correlation between the loop-induced decays h 0 → γγ and h 0 → gg in the MSSM with QFV. From a full parameter scan and a detailed analysis around a fixed reference point, respecting all the relevant theoretical and experimental constraints, we have found that
• the relative deviation of the MSSM decay width Γ(h 0 → g g) from the Standard Model value, DEV (g), can be large and negative down to ∼ -15% in the studied parameter ranges,
• there is a strong correlation between DEV (γ) and DEV (g),
• the relative deviation of the width ratio DEV (γ/g) from the SM value can be large (up to ∼ 20%) in the studied parameter ranges,
• both SUSY QFV and QFC up-type squark parameters can have a strong influence on these deviations and their contributions add up.
Such large deviations can be observed at a future e + e − collider such as ILC and CLIC. If the deviation patterns shown in our study are really observed at ILC/CLIC, this would strongly suggest the discovery of SUSY (the MSSM with QFV).
A Theoretical and experimental constraints
The experimental and theoretical constraints taken into account in the present work are discussed in detail in [25] . Here we only list the updated constraints from B-physics and those on the Higgs boson mass in Table 3 . In addition to these we also require our scenarios to be consistent with the following updated experimental constraints: Table 3 : Constraints on the MSSM parameters from the B-meson data relevant mainly for the mixing between the second and the third generations of squarks and from the data on the h 0 mass. The fourth column shows constraints at 95% CL obtained by combining the experimental error quadratically with the theoretical uncertainty, except for m h 0 . 125.09 ± 0.24 (68% CL) [36] ±3 [37] 125.09 ± 3.48
• The LHC limits on sparticle masses (at 95% CL) [38] - [42] .
• The constraint on (m A 0 ,H + , tan β) (at 95% CL) from the MSSM Higgs boson searches at LHC, [38, 43, 44] .
